Carbon sorbents derived from the copolymer of 4,4′-bis(maleimidodiphenyl)methane and divinylbenzene are described. The influence of phosphoric acid treatment and the type of carrier gas used in the carbonization process were studied. Solid-phase extraction experiments were conducted to determine their impact on the sorption properties of these new sorbents. The recoveries and breakthrough volumes for phenolic compounds preconcentrated from water were studied.
INTRODUCTION
It is generally known that various physical and chemical agents have an influence on the course of chemical processes. Changes in the experimental conditions often lead to the formation of different products. Such a situation is observed in the modification processes of porous polymers.
Considerable work has been undertaken in order to obtain porous polymers for special purposes. It is sometimes sufficient to use appropriate monomers, but more often additional operations need to be employed. These processes always cause changes in the surface structures of the materials and, as a consequence, in their sorption properties (Huck et al. 2000; Rodriguez et al. 2000) .
Carbonization is one method which enables the generation of polymer sorbents with carbonaceous surfaces. Such materials can be used as adsorbents for reversed-phase high-performance liquid chromatography (HPLC) or solid-phase extraction (SPE) (Matisova and Skrabakova 1995) . However, polymers often undergo sintering and/or shrinking during carbonization. This has an unfavourable influence on the porous structure and causes the material to become microporous and lose its sorption properties. Polymers with imide groups are promising materials for producing carbonaceous sorbents. This type of polymer has the advantage that shrinkage during carbonization is the same in all directions; thus, the final product retains the shape of the starting materials (Nagata et al. 1997; Takeichi et al. 1999) .
Various pretreatment methods have been employed in order to improve the sorption properties of carbonized sorbents. Thus, for example, the polymeric bed can be etched with acids or stabilized in hot air before thermal treatment (Puziy et al. 2003) . It is also possible to activate such materials after carbonization. Steam treatment is commonly applied to activate the surfaces of heated sorbents (Puziy et al. 2002) .
It is obvious that the carbonization process itself has a great influence on the properties of carbonized materials. Other important factors are the temperature, the heating time and the type of carrier gas employed. The correct choice of carrier gas is essential for stabilizing the environment in the reactor or the oven where the process is undertaken. The movement of gas through the carbonized material removes all the volatile products formed during thermal treatment and allows the appropriate processing dynamics to be maintained. It also allows the carbonization process to occur more readily by maintaining a constant temperature. Thus, the process can proceed steadily in the bulk bed with little possibility of local overheating occurring.
The chemical nature of the carrier gas employed for carbonization is also very important, with noble gases (argon) or inert gases (nitrogen) usually employed for thermal treatment. Sometimes, reactive gases such as steam are also used for this purpose. These gases are capable of reacting with the surface of the carbonized material, thereby causing changes in its chemical structure and sorption properties (Pichon 2000; Kyotani 2000) .
An estimation of the influence of the type of carrier gas used for carbonization on the sorption properties of the final product would therefore appear important. This is especially true for steam, where its function as a carrier gas in carbonization or as an agent activating the surface after carbonization requires evaluation. Another problem worth mentioning is the role of phosphoric acid which is often used as an agent for the preliminary surface activation of carbonized materials.
In the present work, carbon sorbents derived from the copolymer of 4,4′-bis(maleimidodiphenyl)methane and divinylbenzene (Puziy et al. 1998 ) have been studied, and the influence of phosphoric acid treatment and the type of carrier gas used in the carbonization process on their properties evaluated. The sorption properties of the resulting materials were also examined via preconcentration experiments with phenolic compounds from aqueous media.
EXPERIMENTAL

Chemicals
Phenol, o-chlorophenol, 2,3-dichlorophenol, 2,4-dichlorophenol, 2,4,6-trichlorophenol and naphthalene were A.R. grade chemicals obtained from Merck (Darmstadt, Germany). The disodium hydrogen phosphate and potassium dihydrogen phosphate used for buffer preparation were of reagent grade as obtained from POCh (Gliwice, Poland) while methanol (LiChrosolv grade) was supplied by Merck. Millipore-Q water was used for the preparation of the mobile phases and for the solutions used in the recovery studies.
Apparatus
A Waters 2690 liquid chromatograph (Waters Associates, Milford, MA, USA) equipped with an automatic sampler, a variable-wavelength Waters 2487 UV detector and a 250 × 4 mm i.d. LiChrosorb RP-18 (7 µm) column was used. The mobile phase employed in the study of the various samples was a methanol/phosphate buffer (pH 7) (60:40; v/v) at a flow rate of 1 ml/min. Detection was performed at a wavelength of 254 nm.
The IR spectra of the studied materials were determined on a Perkin-Elmer 1700 FT-IR spectrometer using KBr pellets.
Preparation of carbonized polymers
A series of materials was prepared by the chemical and thermal treatment of the copolymer of 4,4′-bis(maleimidodiphenyl)methane and divinylbenzene (BM-DVB). The starting porous copolymer materials studied were in the form of microspheres with diameters of 0.315 mm. Such materials were obtained by suspension polymerization in the presence of pore-forming diluents. An equivalent molar ratio of monomers was used in the synthesis. The parent BM-DVB porous polymer obtained as the reaction product was washed with hot water and then pretreated at ca. 300°C for 15 h. This preliminary carbonized polymeric precursor was used in further processes to yield the final carbon sorbents. The sorbents obtained and the procedures for their preparation were as follows:
P1/Ar -The polymer precursor was impregnated with 60% H 3 PO 4 and dried at ca. 230°C. The acid/precursor ratio (impregnation ratio) employed was 1.82. The dried sample was heated in Ar (flow rate, ca. 1 ml/min) for 30 min at 800°C and then washed with hot water in a Soxhlet extractor for 7-8 h. P1/W -The polymer precursor was impregnated with 60% H 3 PO 4 and dried at ca. 230°C. The acid/precursor ratio (impregnation ratio) employed was 1.82. The dried sample was heated in steam (flow rate, ca. 2.5 g/min) for 30 min at 800°C and then washed with hot water in a Soxhlet extractor for 7-8 h. P1(2) -The polymer precursor was impregnated with 60% H 3 PO 4 and dried at ca. 230°C. The acid/precursor ratio (impregnation ratio) employed was 1.82. After drying, the sample was washed with water, dried at 110°C and heated in Ar (flow rate, ca. 1 ml/min) for 30 min at 800°C. Finally, the material was washed with hot water in a Soxhlet extractor for 7-8 h. P1(2)-A/2 -Part of the P1 (2) sample was activated in steam at 800°C for 2 h.
Recovery studies
Laboratory cartridges were used for the preconcentration of phenol, chlorophenols and naphthalene from water. The mass of sorbent employed in these cartridges was 200 mg in each case.
Standard solutions were prepared by weighing the compounds and dissolving them in methanol. A standard methanolic solution contained 25 µg/ml of 2,4,6-trichlorophenol (2,4,6-TChP) and 100 µg/ml of phenol (P), o-chlorophenol (o-ChP), 2,3-dichlorophenol (2,3-DChP), 2,4-dichlorophenol (2,4-DChP) and naphthalene (N). This solution was stored under refrigeration. Aqueous solutions were prepared by placing 2 ml of the standard mixture into a 100 ml volumetric flask and making up to the mark with Millipore-Q water. The laboratory cartridges were then immersed in the standard solution and different volumes of the same sucked through the cartridges by means of a water aspirator connected to the cartridge via PTFE tubing (Chrompack, Middelburg, Netherlands). After the sample had passed through the cartridge, the latter was removed from the aqueous solution and suction was maintained for 5 min in order to dry the sorbent bed. The resulting analytes were then eluted with three 500 µl aliquots of methanol. After all the sorbates had been eluted from the cartridge bed, each sample was diluted to 2 ml with methanol or multiples of this volume.
A known volume (20 µl) of the preconcentrated solution was then injected into a liquid chromatograph in order to determine the recoveries of P, 2,4,6-TChP, o-ChP, 2,3-DChP, 2,4-DChP and N. The same volume of standard solution was also injected into chromatograph. The percentage recovery of the studied compounds was calculated from a comparison of the relevant peak areas. Recovery values were calculated as the mean of three such analyses.
RESULTS AND DISCUSSION
Sorption properties
Relationships between recovery and sample volume for aqueous solutions of the studied compounds are presented in Figures 1-4 .
For P1/Ar (Figure 1) , the breakthrough curves for all the compounds of the standard mixture, with the exception of phenol, had very similar shapes. Breakthrough for the five compounds studied occurred at a volume of 900 ml. However, in all cases, the maximum recoveries effected were relatively low. The curve for phenol possessed a different shape with the breakthrough volume for this compound being only 200 ml.
With P1/W (Figure 2) , only two of the six compounds were eluted after concentration of the first portion of the aqueous solution. The percentage recoveries for the next portion (200 ml) were very low, but gradually increased for the remaining compounds. This phenomenon suggests that all the compounds studied were adsorbed on the bed in a non-reversible manner, possibly because of chemical reaction with the surface of the material. Total breakthrough of the sample required a volume of 1600 ml. The best affinity for this sorbent was shown by 2,3-DChP and 2,4-DChP, with o-ChP and naphthalene showing a slightly worse performance. Breakthrough for most compounds on P1(2) occurred at a volume of 700 ml. However, in no case did the recoveries exceed 12%. The best affinity for this material was shown by 2,4,6-TChP, with the worst being phenol. This sorbent exhibited exceptionally poor sorption properties, as explained by the low value of its specific surface area (Table 1) .
With P1(2)-A/2, chemisorption was observed as well as physisorption, with its surface being saturated with compounds from the solution when the eluted volume of the latter was 400 ml. (2)-A/2; sampling rate, ca. 20 ml/min; 2,4,6-trichlophenol conc., 0.5 µg/ml; conc. of all other compounds, 2 µg/ml. However, despite this limitation, P1(2)-A/2 exhibited good sorption properties. Recoveries of most compounds on this sorbent attained values of 80-90% with the total breakthrough volume being 1600 ml. However, it should be noted that the best affinity for this sorbent was exhibited by phenol and o-ChP, with the worst by 2,4,6-TChF. This material possessed much better sorption properties than its precursor P1(2). P1(2)-A/2 showed very similar sorption properties to P1/W, which was prepared in a similar manner. Indeed, an analysis of the sorption behaviour of P1(2)-A/2 and P1/W indicated that sorbents whose surfaces had been subjected to preliminary etching with an acid and then activated with steam exhibited the best sorption properties. Surfaces prepared in this way possess functional groups of the type -COOH, -OH, -CHO and =CO. These groups have the ability to interact with the other compounds in the standard mixture (via chemisorption). Indeed, despite "saturation" during such chemical reaction, they still have the ability to interact with the compounds by means of their lone-pair electrons. The presence of such groups on the sorbent surfaces was confirmed by FT-IR analysis, with the corresponding spectra for P1(2)-A/2, P1/Ar and P1/W carbon sorbents being presented in Figures 5-7 . 
Influence of phosphoric acid treatment
An analysis of the graphs for the P1/Ar and P1(2) samples depicted in Figures 1 and 2 demonstrates the essential influence of phosphoric acid as a surface-activating agent before carbonization. Both sorbents were etched with phosphoric acid under identical conditions and carbonization was carried out using the same procedure in both cases. The difference between the two materials was that P1(2) was washed with water and dried before thermal treatment whereas, in the case of P1/Ar, the acid remained in the pores of the material during carbonization. P1/Ar exhibited better sorption properties than P1(2) both with respect to recoveries [20-50% P1/Ar, 1-12% P1(2)] and breakthrough volumes (900 and 700 ml, respectively). These observations relate well with the specific surface areas and micropore contributions of these sorbents (Table 1) . Hence, sorbents obtained by etching with phosphoric acid and carbonization exhibited greatly developed specific surface areas with a large micropore contribution if the acid remained in the pores during thermal treatment, or poorly developed specific surface areas with a small micropore contribution if the acid was removed from the pores by washing before carbonization.
Influence of carrier gas
Analysis of the graphs for P1/Ar, P1/W and P1(2) (Figures 1-3 ) indicated that the type of carrier gas employed in the carbonization process had a crucial effect on the sorption properties of the resulting materials. Thus, in the presence of argon, the P1(2) sample underwent sintering and as a result exhibited very poor sorption properties, with low recoveries (1-12%) and a small breakthrough volume (700 ml). In contrast, the P1/Ar sample possessed better properties because its carbonization process was assisted by the presence of phosphoric acid. The explanation for this behaviour is simple -the use of argon as a carrier gas leads to the presence of an inert atmosphere around the carbonized material, thereby inhibiting the formation of new functional groups on the polymer surface.
After carbonization in steam, the P1/W sample showed good sorption properties with recoveries in the range 50-100% and breakthrough volumes attaining values of 1600 ml. Similar behaviour was exhibited by P1(2)-A/2 which was activated in steam after carbonization under an argon flow.
The change in the order of the breakthrough curves for P1/W and P1(2)-A/2 relative to those for P1/Ar and P1(2) suggests a change in the chemical characteristics of surfaces activated with steam. There is no doubt that steam at 800°C participates in reactions which lead to the formation of surface functional groups, the presence of such groups being confirmed by the phenomenon of chemisorption. However, it should be noted that this phenomenon was more strongly marked for the P1(2)-A/2 sample, which probably possessed more functional groups responsible for chemisorption on its surface.
An estimation of the effectiveness of steam as a carrier gas and an activating agent after carbonization may be obtained from a comparison of the results depicted for P1/W and P1(2)-A/2. P1/W exhibited slightly lower recoveries in comparison to those for P1(2)-A/2 despite the specific surface areas for both materials being close to 1600 m 2 /g. However, the micropore contribution of P1/W was lower than that of P1(2)-A/2. With these two materials, the retention of phosphoric acid in their pores during carbonization appeared to the unimportant. Of the carrier gases studied, steam was very important in creating the outer structure of these sorbents. Indeed, at higher temperatures, steam readily reacted with the material surface to generate new functional groups.
On the basis of the above considerations it is possible to conclude that steam can be used both as a carrier gas during thermal treatment and as a surface-activating agent for the carbonized material generated.
